Near-infrared photothermal response of plasmonic gold-coated
  nanoparticles in tissues by Duong, Vu T. T. et al.
Near-infrared photothermal response of plasmonic gold-coated nanoparticles in tissues
Vu T. T. Duong,1 Anh D. Phan,1, 2 Nghiem T. H. Lien,1 Do T.
Hue,1 Do Q. Hoa,1 Do T. Nga,1 Tran H. Nhung,1 and N. A. Viet1
1Institute of Physics, Vietnam Academy of Science and Technology, 10 Dao Tan, Hanoi 10000, Vietnam∗
2Department of Physics, University of Illinois, 1110 West Green St, Urbana, Illinois 61801, USA†
(Dated: September 10, 2018)
We propose a new approach to understand the time-dependent temperature increasing process of
gold-silica core-shell nanoparticles injected into chicken tissues under near-infrared laser irradiation.
Gold nanoshells strongly absorb near-infrared radiations and efficiently transform absorbed energy
into heat. Temperature rise given by experiments and numerical calculations based on bioheat
transfer are in good agreement. Our work improves the analysis of a recent study [Richardson
et al., Nano Lett. 9, 1139 (2009)] by including effects of the medium perfusion on temperature
increase. The theoretical analysis can also be used to estimate the distribution of nanoparticles in
experimental samples and provide a relative accuracy prediction for the temperature profile of new
systems. This methodology would provide a novel and reliable tool for speeding up photothermal
investigations and designing state-of-the-art photothermal devices.
PACS numbers:
I. INTRODUCTION
Tremendous efforts have been dedicated to photother-
mal effect due to a variety of applications such as selec-
tively destroying cancer cells [1–3], delivering drugs [4, 5]
and improving the quality of magnetic resonance imaging
[6]. The photothermal therapy replies upon the quantum
behavior of nanomaterials, particularly metallic nanopar-
ticles, under the illumination of near-infrared (NIR) laser
light. Strong interactions between the nanoparticles and
incident light result from the excitation of the collective
oscillations of conduction electrons-surface plasmon res-
onances [7, 8] - within the particles. By exciting these
surface plasmon resonances, metallic nanoparticle sam-
ples can be locally heated to a few hundred degree Cel-
siuses when irradiated by relatively low-intensity light [9].
It has been shown that cancerous cells can be destroyed
at temperatures above 43 0C [10, 11] due to irreversible
protein denaturation. To reduce the photobleaching and
photodamage of organisms, NIR light sources are ex-
tremely useful as tools for photothermal therapy. NIR
light is absorbed less and penetrates the tissues without
much damage. As a result, disease areas can be locally
annihilated without impacting healthy cells. The laser
wavelengths employed in photothermal treatment range
from 650 to 900 nm [12, 13]. In this range, the biological
transparency window provides tissue penetration depths
of approximately 10 cm [14, 15].
Properly synthesizing the size of nanostructures can
modulate the plasmonic wavelength for the NIR region
to maximize the absorption of the light energy by gold
nanostructures while effectively releasing the heat. The
development of nanofabrication technology has enabled
∗Electronic address: vuthuyduong80@gmail.com
†Electronic address: adphan35@gmail.com
the design of nanostructures with desired shapes and
sizes. Among them, gold nanoshells have been exten-
sively explored as the well-known NIR photothermal con-
version agents.
Theoretical models have been introduced to describe
plasmonic photothermal light-to-heat conversion and
how important factors affect sample heating. In Ref.[16–
19], authors showed the temperature profile outside
nanoparticles in suspension using the heat diffusion con-
ditions at interfaces. This approach successfully explains
the qualitative dependence of the steady state tempera-
ture Tmax on the excitation laser light and absorbance
of the nanostructures but it fails to quantitatively esti-
mate sample temperature since it considers the temper-
ature distribution of a single nanoparticle. In this con-
text, Govorov and his co-workers [17] described the laser-
induced heating profile by employing the thermal transfer
equation and an equivalent solution of Poisson equation
from electrostatics. Govorov’s model captures the col-
lective effects of nanoparticles on temperature increase
to be more realistic than the prior thermal single par-
ticle model in water droplet where the perfusion effects
play a minor role in the heat transfer process. Another
model [17, 20] based on the energy balance equation in
homogeneous and open systems excellently provides an-
alytical fitting functions T (t) = T0 +
A
B (1 − e−Bt) and
T (t) = T0 +(Tmax−T0)e−Bt for time-dependent temper-
ature as turning on and off the laser excitation, respec-
tively, where T0 is the ambient temperature, A and B
are the fitting parameters which capture physical prop-
erties of the system. The theoretical analysis associated
with experimental data has been used to determine the
photothermal efficiency but it is hard to predict reliably
unknown experimental systems. In this work, we incor-
porate effects of medium perfusion on bioheat transfer
into the standard thermal diffusion equation of Govorov’s
model to develop a simple model for investigating the
photothermal effect of silica-gold core-shell nanoparticles
ar
X
iv
:1
71
0.
04
76
4v
2 
 [c
on
d-
ma
t.m
es
-h
all
]  
21
 N
ov
 20
17
2injected into chicken tissues where the perfusion effects
cannot be ignored. Our theoretical calculations are in
very good agreement with experimental measurements
of the temperature profile at different intensities of laser
illumination. This method can provide good quantita-
tive predictions for the time-dependent temperature of
unexplored experiments.
II. EXPERIMENTAL SECTION
The nanocomposites composed of a 128±10 nm SiO2
core and a 16± 3 nm thick gold shell were dispersed in
water solutions which were synthesized in the same pro-
cess with Ref.[21]. Their UV-visible absorption spectra
at room temperature were recorded by using a JASCO-
V570-UV-Vis-NIR spectrometer. Their morphology was
studied by using a transmission electron microscope
(TEM, JEM1011). We injected the cores-shell nanopar-
ticles into chicken tissues. Experimental samples (of the
chicken tissues injected Au nanostructures) with dimen-
sions of 4×4×4 mm3 were irradiated by a NIR-diode
laser (808 nm wavelength) with intensities of 2, 4 and
6 W/cm2. The laser beam diameter is about 1 mm.
Just after illumination with the laser, the temperature
is determined by the resistance change of the PT 100-
CRZ sensor (Hayashi Denko, Japan) placed under the
chicken tissue sample for 7 minutes. The temperature
sensor PT 100 was connected with a data acquisition de-
vice NI USB-6058 (National Instruments) controlled by
a computer. The experiments were performed at room
temperature 220 C.
III. THEORETICAL BACKGROUND OF THE
PHOTOTHERMAL EFFECT
The original Mie theory has widely and successfully
given the absorption and scattering spectra of a spherical
nanoparticle embedded in a homogeneous and isotropic
medium [22]. The approach shows a good agreement
with experimental results. The Mie theory has been re-
cently developed to investigate optical properties of large
nanoparticles and composite systems. Applying the Mie
approach to the core-shell nanospheres provides [23]
Qext = − 2pi
k2m
∞∑
n=1
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2pi
k2m
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)
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(3)
where Rc and Rs are the inner and outer radius of the
core-shell nanostructure, respectively, Vn and Un are de-
terminants, jn(x) is the spherical Bessel function of the
first kind, yn(x) is the spherical Neumann function, and
Ψ(x) = xjn(x) and ξn(x) = xyn(x) are the Riccati-
Bessel functions. UTEn and V
TE
n are obtained by replac-
ing the dielectric function in Eq.(3) with the permeabil-
ity. The dielectric functions of core, shell and surround-
ing (water) medium of the core-shell nanoparticles are
εc, εs and εm ≈ 1.77, respectively. The wavenumber
is ki = 2pi
√
εi/λ with i = s, c, and m. λ is the wave-
length of incident light in vacuum. In our calculations,
the dielectric function of silica (εc) is taken from Ref.[24],
while the dielectric function of gold (εs) is described by
the Lorentz-Drude model with several oscillators [25]
εs = 1−
fω2p
ω2 − iωΓ0 +
5∑
j=1
fjω
2
p
ω2j − ω2 + iωΓj
, (4)
where f0 and fj are the oscillator strengths, ωp is the
plasma frequency for gold, and Γ0 and Γj are the damp-
ing parameters. All parameters in this model come from
Ref. [25]. However, due to the fact that the shell thick-
ness is 16 nm, the finite size effect becomes important.
This effect can be added to the model by modifying the
parameter Γ0 ≡ Γ0 + BvF /(Rs − Rc), where vF is the
gold Fermi velocity, and B is the parameter character-
izing the scattering processes. Values of B have been
chosen between 0.1 and 5 [26–28]. Modifying the bulk
scattering rate reproduces the relation among the width
of the resonance peak at 830 nm, the shape of the shoul-
der at around 650 nm and gold layer thickness. Choosing
B = 1.5 gives a reasonable fit between the theoretical cal-
culations and experiments.
After injecting 2 µl of gold nanoshells solution (concen-
tration of 1011 particles/ml) into chicken tissue samples,
the samples were illuminated by a laser with a wave-
length of 808 nm in the region of the therapeutic window.
The laser light, thus, can go through, touch the NPs and
excite the surface localized resonance. The nanostruc-
tures were heated and effectively converted to heat en-
3ergy. Suppose that the efficiency of the light-to-heat con-
version is 100 % and the particles are randomly dispersed
in a spherical region of radius R, the heat source density
due to absorbed energy on nanoparticles is A = NQabsI0,
where N is the number of particles per unit volume in the
chicken tissue and I0 is the illuminating intensity. The
particle density N is the number of injected nanoshells
divided by the volume of the chicken tissue. Here we
also assume that the particle concentration is homoge-
neous. Temperature variation of experimental samples
∆T (r, t) induced by the photothermal effect of gold ma-
terials is theoretically described by the Pennes bioheat
transfer equation [29, 30, 36] in spherical coordinates
1
κ
∂∆T
∂t
=
1
r2
∂
∂r
(
r2
∂∆T
∂r
)
− ∆T
κτ
+
A
k
, (5)
where k and κ = k/(ρc) are the thermal conductivity
and thermal diffusivity of the tissue, respectively, ρ is
the mass density, c is the specific heat, and τ is the per-
fusion time constant. Different materials and media have
different values of τ , so the value used in the theoretical
calculations is taken from previous studies [31–35]. The
presence of the heat generation A only exists within the
localized domain of the nanoshells because there are no
nanoparticles outside the region. This assumption, thus,
suggests rewriting Eq.(5) as
1
κ
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, R ≤ r. (6)
Solving Eq.(6) associated with the boundary con-
ditions ∆T (R−, t) = ∆T (R+, t) and ∆T ′(R−, t) =
∆T ′(R+, t), and the finite value of temperature change
at r = 0 and ∞ gives temporal and spatial temperature
distributions in the spherical region. The temperature
at the center of the localized spherical domain of the
gold nanoshells is used to determine temperature mea-
surement using thermal probes [29]. The temperature at
r = 0 is
∆T (r = 0, t) =
A
k
[
−κ
∫ t
0
e−t
′/τerfc
(
R
2
√
κt′
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dt′
− R
∫ t
0
e−t
′/τ
√
κ
pit′
exp
(
− R
2
4κt′
)
dt′
+ κτ(1− e−t/τ )
]
. (7)
IV. RESULTS AND DISCUSSIONS
Figure 1 shows the experimental and theoreti-
cal ultraviolet-visible absorption spectra of the gold
nanoshell solution having an absorbance resonance peak
near 836 nm. There is an excellent agreement between
the absorption spectra given by experiment and Mie the-
ory for nanostructures with a 128 nm silica core and a
shell thickness of 16 nm. The discrepancy between our
Mie theory calculation and experiments is possibly due to
partial particle aggregation. The optical peak at λ ≈ 836
nm is attributed to dipolar localized surface plasmon res-
onance while the quadrupolar mode is responsible for the
shoulder near 640 nm. For larger nanoshells, the absorp-
tion feature becomes greater. The absorbed light energy
contributes to the heating process of the surrounding en-
vironment, leading to an increase in temperature of the
samples.
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FIG. 1: (Color online) Theoretical (blue) and experimental
(red) UV-vis absorption spectrum obtained from aqueous sus-
pensions of Au nanoshells with inner and outer radius of 64
amd 80 nm.
After gold nanoshell injection, the nanoparticles are
assumed to be uniformly distributed in the tissue. The
hypothetical radius R is considered as an effective ra-
dius which gives an equality between the volume of the
spherical region and that of the chicken tissue.
Time-dependent temperature of chicken tissue samples
with and without core-shell nanostructures is shown in
Fig. 2. In our measurement, experiments were carried
out at approximately 22 0C. The suspension reaches the
steady-state temperature after around 1 minute of ex-
citation, while turning off the light leads to the signif-
icant decrease of temperature from maximum tempera-
ture to room temperature. In the absence of gold mate-
rials, laser exposure causes an increase of temperature in
chicken tissues. The observation has also been reported
in many previous studies [37, 38]. Heat induced by the
laser source raises not only the environment temperature
near the experiment set-up, but also the samples. The
perturbation is unpreventable. Interestingly, the tem-
perature variation of the chicken tissue under laser irra-
diation with I0 = 2 W/cm
2 behaves qualitatively and
quantitatively in the same manner as a prior paper ex-
ecuting the analogous process with distilled water [38].
Besides, water covers 90 % of the chicken tissues. These
findings suggest that physical quantities of our chicken
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FIG. 2: (Color online) Photothermal heating curves of chicken
tissues in the (a) absence and (b) presence of gold nanoshells
under NIR illumination at various laser intensities.
tissue samples are very similar to that of water k ≈ 0.6
W/m/K, κ ≈ 1.43 × 10−7 m2/s. The presence of gold
nanoshells generates more heat in experimental samples
due to pronounced effect of plasmonic heating.
Figure 3 presents the photothermal effect of gold
nanoshells on the temperature increase as a function of
time at I0 = 2, 4, and 6 W/cm
2. We suppose that the
temperature-increasing process caused by surface plas-
mon resonance absorption of silica-gold nanostructures
is completely independent of the heating of the chicken
tissues without the gold nanoshells. Thus, ∆T theoret-
ically calculated by Eq.(7) can be experimentally esti-
mated by subtracting the experimental data in Fig. 2a
from 2b. Numerical results closely agree with the exper-
imental measurements.
According to Ref.[17], the steady-state temperature in-
crease can be estimated using
∆T = 2∆TmaxRsNAbeam ln
[
lopt
Rbeam
]
,
∆Tmax =
QabsI0
4pikRs
, (8)
where ∆Tmax is the maximum temperature at the
nanoparticle surface, lopt is the optical path length,
Abeam ≈ 0.785 mm2 and Rbeam ≈ 0.5 mm are the
light spot area and the beam radius, respectively. Other
parameters are Qabs ≈ 47400 nm2, Rs ≈ 72.5 nm.
For experiments in chicken tissue, the absorbance is ap-
proximately 0.015, the molar extinction coefficient is
7.53 × 1010 M−1cm−1, and the optical path length is
lopt ≈ 0.4 cm. Substituting all the parameters into
Eq.(8), the temperature changes are: ∆T ≈ 1.4, 2.8 and
4.2 0C for I0 = 2, 4, and 6 W/cm
2, respectively. It is
clear that our model gives better description for experi-
mental data than the prior work.
There are three fundamental differences between our
approach and Govorov’s model in Ref. [17]. First, Gov-
orov’s model considers the heat source due to nanostruc-
tures in the region of focused laser beam. While our
model assume that all nanoparticles in the studied system
are responsible for the heating process. Consequently,
our calculations capture more collective heating effects.
Second, the heat transfer equation is analytically solved
in different ways: solving the thermal diffusion equation
associated with continuity conditions of temperature and
heat flux at interface in our work, and adopting the so-
lution of Poisson equation in the previous study [17].
Third, we take into account the influence of perfusion in
the heating process. When the perfusion effects are ig-
nored in Eq.(5) and (6), our approach gives ∆T ≈ 3.04,
6.08 and 9.12 0C for I0 = 2, 4, and 6 W/cm
2, respec-
tively. The perfusion term describes the energy removal
due to microvascular network. The finding suggests that
the perfusion effects on the heat transfer process play an
important role.
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FIG. 3: (Color online) Temperature rise due to absorbed en-
ergy of gold nanoshells in samples of chicken tissue as a func-
tion of time at various laser intensities. The dashed-dotted
lines corresponds to theoretical calculations in the same con-
ditions with equivalent measurements and τ = 200 s [31–35].
Eq.(7) and (8) suggests that the steady-state temper-
ature increase is linearly proportional to the excitation
light intensity and nanoshell concentration. The finding
is consistent with another theoretical model of photother-
5mal effect [16–19] and quantitatively agrees our experi-
ment data. Several previous experimental studies [17, 20]
have the same conclusions to confirm the validity of our
model.
V. CONCLUSIONS
In summary, we have proposed a new approach captur-
ing effects of medium perfusion on thermal transport in
biological systems for interpreting the laser-induced pho-
tothermal process and compared our theoretical analy-
sis to experimental measurements. We synthesized gold
nanoshell solution and injected it into chicken tissue sam-
ples before irradiating them by the NIR laser light. The
temperature of samples as a function of time and the
steady-state temperature trace versus the light intensity
was measured and reported to compare to theoretical
analysis. Our theoretical modeling successfully presents
a quantitative understanding of the time dependent tem-
perature and agrees with experiments. The influence of
laser intensity and gold nanoshell concentrations on tem-
perature rise due to laser illumination on chicken tissues
has also been discussed.
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